Signal Transducer and Activator of Transcription 4 (STAT4) is a transcription factor that is activated by IL-12 signaling and promotes Th1-cell differentiation and IFN-␥ production. Defective IFN-␥ production because of STAT4 mRNA and protein deficiency occurs after autologous stem cell transplantation for lymphoma. In the present study, we investigated the mechanisms of STAT4 deficiency in lymphoma patients. The tumor-bearing state is not responsible, because STAT4 levels were not significantly different in PBMCs obtained from healthy control subjects compared with those from lymphoma patients before treatment. STAT4 protein levels were significantly decreased in PBMCs and T cells obtained from lymphoma patients after standard-dose chemotherapy. 
Introduction
Signal Transducer and Activator of Transcription 4 (STAT4) is required for the biologic functions of IL-12, including the differentiation of Th1 cells and optimal IFN-␥ production. [1] [2] [3] IL-12 showed potent antitumor activity in preclinical models. [4] [5] [6] [7] IL-12-mediated antitumor effects are dependent on the production of IFN-␥. 8, 9 In a Th1-mediated inflammatory environment, IFN-␥ has pleiotropic effects such as promoting antitumor immunity and antimicrobial activity. IFN-␥ induces apoptosis in tumor cells and bacterially infected monocytes, 10, 11 enhances major histocompatibility class I and II antigen expression, and augments cytotoxic T lymphocyte and natural killer (NK)-cell cytotoxicity. 12, 13 In the context of IL-12-based immunotherapy, it was observed that IFN-␥ production in vivo was markedly defective in patients with lymphoma who had undergone autologous peripheral blood stem cell transplantation (PBSCT). Moreover, PBMCs obtained from patients after PBSCT were profoundly deficient in IFN-␥ production after direct stimulation with IL-12 in vitro. 14 We subsequently showed that defective IFN-␥ production in this setting is because of a profound and selective deficiency in STAT4. 1, 15 STAT4 deficiency may impair not only IL-12-based immunotherapy, but any therapeutic approach that requires Th1 immunity or optimal production of IFN-␥. The molecular mechanisms responsible for the observed deficiency of STAT4 are not known.
Unlike several other STAT proteins (eg, STAT1 and STAT3), which appear to be constitutively expressed in many tissues, STAT4 expression is restricted to hematopoietic cells. 16, 17 STAT4 is weakly expressed by resting T cells and is up-regulated after T-cell activation. 18 STAT4 expression is maintained during the development of Th1 cells, but is down-regulated during the development of Th2 cells. 19 Human NK cells constitutively express STAT4, but STAT4 protein levels can be increased or decreased in NK cells after cytokine stimulation. 20, 21 Despite abundant evidence that STAT4 expression is subject to tight regulation, the mechanisms that control STAT4 expression in physiologic or pathologic conditions have not been well characterized. Previous studies indicate that transcriptional silencing of the STAT4 gene due to hypermethylation of its promoter region and proteasome-dependent degradation of STAT4 protein can decrease STAT4 expression in human lymphocytes. 22, 23 We have undertaken studies to elucidate the mechanisms of STAT4 deficiency in patients with lymphoma.
Systems. Anti-STAT4 polyclonal Abs (SC-486), anti-STAT3 polyclonal Abs (SC-482), and anti-␤-actin mAbs (SC-47 778) were from Santa Cruz Biotechnology. Bortezomib was from Millennium Pharmaceuticals. Phytohemagglutinin, propidium iodide, actinomycin D, cycloheximide, MG-132, 5-aza-2Ј-deoxycytidine (5-Aza-dC), carmustine, and etoposide were from Sigma-Aldrich. Ficoll-Paque PLUS was from GE Healthcare Bio-Sciences.
Blood samples, cell cultures, and cell lines
Collection of blood samples was approved by the Institutional Review Board at Indiana University Medical Center and written informed consent was obtained from each study subject in accordance with the Declaration of Helsinki. Blood samples were obtained from patients with Hodgkin or non-Hodgkin lymphoma before and after treatment with standard chemotherapy or high-dose chemotherapy and autologous PBSCT. Standard-dose chemotherapy regimens included rituximab, cyclophosphamide, vincristine, and prednisone with (R-CHOP) or without (R-CVP) doxorubicin. Data are derived from experiments done using samples obtained from 17 patients with non-Hodgkin lymphoma (10 diffuse large B-cell lymphoma, 5 follicular lymphoma, and 2 mantle-cell lymphoma) who received standard-dose chemotherapy; 13 patients received R-CHOP and 4 received R-CVP. High-dose chemotherapy regimens included cyclophosphamide, carmustine, and etoposide (CBV) and carmustine, etoposide, cytarabine, and melphalan (BEAM). Control PBMCs were obtained from healthy volunteer donors. Aliquots of PBMCs were cryopreserved in liquid nitrogen. NKL, a human NK cell line, was grown in culture as described previously. 24 Activated PBMCs were obtained by culturing PBMCs in medium containing PHA (2.5 g/mL) and IL-2 (50 U/mL) for 3 days in a 5% CO 2 incubator at 37°C. Activated PBMCs and NKL cells were incubated in medium with or without chemotherapy drugs for 2-3 days. For some experiments, NKL cells were incubated with or without 5.2nM bortezomib simultaneously with the addition of corresponding chemotherapy drugs for 2 days. In other experiments, activated PBMCs were incubated with or without 5-Aza-dC (2.5 ng/mL) for 1 day after incubation with or without chemotherapy drugs.
STAT4 protein levels after etoposide treatment in a mouse tumor model
C56BL/6 mice (7-9 weeks old) were inoculated subcutaneously with 0.5 ϫ 10 6 B16F10 murine melanoma cells into the right flank (day 0). At day 6, these mice were treated without or with etoposide at 35 mg/kg body weight. Etoposide treatment continued every 3 days until day 21 (on days 6, 9, 12, 15, 18, and 21). The control group without etoposide received vehicle solution. Mice were killed on day 29.
Analysis of STAT4 protein and RNA levels and flow cytometry STAT4 mRNA and protein levels were analyzed using real-time PCR and immunoblotting analysis, respectively. 1, 15 In some experiments, STAT4 protein expression was analyzed from isolated subsets using positive selection with corresponding magnetic beads (Miltenyi Biotech).
For flow cytometric analysis, aliquots of PBMCs were stained with allophycocyanin-conjugated CD56 or CD20 and FITC-conjugated CD3, washed, and fixed with 2% paraformaldehyde. For detection of intracellular STAT4, fixed cells were permeabilized in 90% methanol, incubated with goat anti-STAT4 Abs or medium alone, washed, and incubated with PE-conjugated donkey anti-goat Abs, and analyzed by flow cytometry. In some experiments, a biotin-conjugated anti-STAT4 Ab followed by Alexa Fluor 647-conjugated streptavidin was used. During analysis, forward-and side-scattering properties were used to create a live lymphocyte gate. Thresholds for discriminating levels of staining above background were established by analysis of cells stained with fluorochrome-conjugated control mAbs. Mean fluorescence intensity (MFI) of intracellular STAT4 staining was obtained from the flow cytometer after electronic gating on NK cells, T cells, and B cells.
Assessment of STAT4 mRNA and protein half-life
Patient or control subject PBMCs were incubated with or without actinomycin D at 1 g/mL for 0, 2, 4, and 6 hours in a 5% CO 2 incubator at 37°C.
RNA was extracted, first-strand cDNA was synthesized, and real-time PCR was performed. 25 The half-life of STAT4 mRNA from each sample was calculated accordingly. 25 NKL cells were treated without or with carmustine or etoposide for 2-3 days. Dead cells were removed by prior centrifugation on Ficoll-Paque PLUS gradient, and the collected viable cells were subsequently incubated with cycloheximide at 80 g/mL for 0, 2, 4, 6, 8, 10, 12, and 24 hours. The amount of STAT4 and ␤-actin protein was determined using Western blot analysis. STAT4 protein levels were normalized to ␤-actin, and the half-life was calculated. 26 Analysis of translation in NKL cells using metabolic labeling NKL cells treated without or with carmustine or etoposide for 2 day were used for [35S] methionine and cysteine labeling (10 Ci/L; Perkin Elmer). Dead cells were removed as described in "Assessment of STAT4 mRNA and protein half-life," and the live cells were pulsed for various time points with [35S] methionine/cysteine. The cell extract (1%) was separated by SDS-PAGE followed by exposure to X-ray film after drying on a gel dryer.
[35S]-labeled STAT4 and STAT3 after labeling were immunoprecipitated using polyclonal Abs against STAT4 and STAT3, respectively. Preimmunized rabbit serum was used in immunoprecipitation as a negative background control. The immunoprecipitated proteins were separated by SDS-PAGE followed by exposure to X-ray film after drying.
Analysis of ubiquitin-conjugated STAT4 protein
NKL cells were incubated without or with carmustine or etoposide for 2 days. Total protein lysates were extracted as described previously. 27 MG-132 at concentration of 20M was added to the cell lysis buffer to inhibit the activity of proteasome and to prevent the further degradation of protein. 28 Ubiquitin-conjugated protein was first enriched using the Ubiquitin Enrichment Kit (Thermo Scientific) with a specialized affinity resin binding to polyubiquitinylated proteins from cell lysates. The negative control was the resin slurry lacking affinity to polyubiquitinylated proteins. The enriched proteins were subjected to immunoblot analysis. The levels of ubiquitin-conjugated STAT4 protein were analyzed using an anti-STAT4 mAb.
Evaluation of IFN-␥ production
NKL cells treated without or with carmustine, etoposide, and bortezomib were incubated for 24 hours in medium alone or medium containing IL-12. Supernatant IFN-␥ protein levels were measured using ELISA as described previously. 1, 15 
Statistical analysis
Mean, SE, SD, and P values were determined using PASW Statistics software (IBM-SPSS 18.0) with a 2-sided test. P Յ .05 was considered statistically significant.
Results

STAT4 deficiency is a consequence of chemotherapy treatment and is not because of lymphoma tumor burden
We demonstrated previously that STAT4 protein levels are decreased in PBMCs obtained from lymphoma patients after PBSCT. 15 The observed STAT4 deficiency could be because of the tumor-bearing state per se or could occur as a consequence of prior therapy for lymphoma. To address this question, STAT4 protein levels were analyzed in PBMCs obtained from patients with active lymphoma who had not received any therapy. Levels of STAT4 protein, as assessed by immunoblot analysis, in PBMCs of untreated lymphoma patients were not significantly different (P Ͼ .05) from those in PBMCs of healthy controls ( Figure 1A-C) . Results of intracellular staining for STAT4 protein by flow cytometry (data not shown) were consistent with the results obtained by immunoblotting. The STAT4 protein level in gated lymphocytes from 10 samples of control PBMCs (MFI 50 Ϯ 4; mean Ϯ SE) was not significantly different (P ϭ .728) than the STAT4 level (MFI 52 Ϯ 6) in gated lymphocytes from 5 samples of PBMCs obtained from untreated lymphoma patients. Similarly, there were no significant differences in STAT4 levels in gated T cells (P ϭ .295), NK cells (P ϭ .118), or B cells (P ϭ .33) when control PBMCs were compared with PBMCs from untreated lymphoma patients. Therefore, the presence of tumor burden does not result in STAT4 deficiency in patients with lymphoma.
We hypothesized that STAT4 deficiency is caused by the chemotherapy used to treat lymphoma. To test this hypothesis, STAT4 levels were analyzed by immunoblotting in PBMCs collected from lymphoma patients before and after they had received the initial chemotherapy used to treat their lymphoma. STAT4 protein levels were significantly decreased in PBMCs obtained from patients after standard-dose chemotherapy treatment compared with their pretreatment levels ( Figure 1B-C) . This finding is compatible with our hypothesis that chemotherapy treatment can cause relative STAT4 deficiency in lymphoma patients. However, interpretation of the immunoblotting results could be confounded if baseline STAT4 protein levels differ significantly in the cell subsets present in PBMCs and if the distribution of these subsets is altered after chemotherapy. To address this issue, we analyzed STAT4 protein levels in various PBMC subsets by both immunoblotting and flow cytometric analysis ( Figure 2 STAT4 protein levels were relatively higher in NK cells and T cells and relatively lower in B cells and monocytes, and a change in the distribution of these subsets after chemotherapy could alter the STAT4 levels in total PBMCs even if there is no change in the Samples from controls and patients were run in separate gels and exposure was done at the same time. The indicated upper STAT4 band detected with anti-STAT4 mAb was confirmed with anti-STAT4 polyclonal Ab. 15 (B) Immunoblot analysis of STAT4 protein levels in control (C1-C3 and C5-C15) and lymphoma patient (P4, P7-P10, P12, P19-P23) PBMCs. Lymphoma patient PBMCs were obtained before (lanes labeled "U" for untreated) and 3 weeks after (lanes labeled "S" for standard dose) their first cycle of standarddose chemotherapy plus rituximab. The chemotherapy regimen was R-CVP for patients P1, P6, P10, and P20 and R-CHOP for all other patients. A vertical line has been inserted to indicate the repositioned gel lane. (C) The levels of STAT4 protein in panel B were quantified by densitometry of the corresponding bands using the National Institutes of Health ImageJ program, and each sample was normalized to endogenous control ␤-actin as the ratio. Results are presented as means Ϯ SD from 14 control and 11 patient samples. Blots in panel B were run in different gels but exposed to the same extent. *P Ͻ .05 relative to controls (C) or untreated lymphoma patients (U); **P Ͼ .05 relative to controls (C). (E) Analysis of STAT4 protein in mice treated without or with etoposide. Tumor-bearing mice were treated with vehicle or etoposide as described in "Methods." Spleens were harvested from 2 mice killed on day 29 of study. CD4 ϩ T cells were isolated from each spleen using positive selection with CD4 magnetic beads (Miltenyi Biotec). Total protein extracts from isolated cells were subjected to immunoblotting analysis. The level of STAT4 protein in each mouse was normalized to internal control ␤-actin and is presented as the ratio indicated below. Nondetectable STAT4 protein is presented as (-). Results shown are representative from 2 independent studies. A vertical line has been inserted to indicate the repositioned gel lane.
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BLOOD, 1 DECEMBER 2011 ⅐ VOLUME 118, NUMBER 23 For personal use only. on April 19, 2017 . by guest www.bloodjournal.org From STAT4 levels of individual cells. Nevertheless, we detected no significant change in the percentage of lymphocytes (P ϭ .252), monocytes (P ϭ .263), T cells (P ϭ .453), or NK cells (P ϭ .073) when we compared PBMCs obtained from 10 lymphoma patients before chemotherapy with samples obtained from the same patients after chemotherapy. In contrast, the percentage of B cells before chemotherapy was 17% Ϯ 6%, whereas B cells were undetectable after treatment (P ϭ .029). This result is to be expected for chemotherapy regimens that include rituximab. However, because B cells express significantly lower levels of STAT4 than T cells or NK cells (Figure 2 ), their depletion after chemotherapy would be expected to bias results toward higher STAT4 levels in analyses of unfractionated PBMCs. Therefore, our immunoblot analyses of total PBMCs may actually underestimate the degree of STAT4 deficiency induced by standard-dose chemotherapy. Nevertheless, it would appear that standard-dose chemotherapy is associated with a less severe STAT4 deficiency (overall, an approximately 65% reduction; Figure 1D ) compared with high-dose chemotherapy and PBSCT (overall, an ϳ 97% reduction 15 ).
Flow cytometric analysis of PBMCs obtained from 5 lymphoma patients indicated that STAT4 protein levels in T cells decreased significantly (P ϭ .011) from MFI 52 Ϯ 4 before chemotherapy to MFI 42 Ϯ 2 after chemotherapy (data not shown). STAT4 protein levels were also decreased in NK cells from 3 of these 5 patients after chemotherapy, although the difference was not statistically significant when all 5 paired samples were analyzed (data not shown). STAT4 protein levels were also significantly lower in splenic T cells of tumor-bearing mice treated with etoposide compared with control mice treated with vehicle alone ( Figure 1E ). These data indicate that chemotherapy treatment is associated with an acquired STAT4 deficiency in the lymphocytes of tumor-bearing humans and mice.
The STAT4 deficiency that we described previously as occurring after high-dose therapy and PBSCT is relatively selective, because levels of JAK2, Tyk2, STAT3, and STAT1 were not significantly different in PBMCs obtained after PBSCT compared with control PBMCs (Robertson et al 15 and our unpublished data). We have also analyzed STAT3 protein levels in lymphoma patient PBMCs obtained before and after standard-dose chemotherapy ( Figure 1B,D) . Although STAT3 levels did decline in the PBMCs of some patients after standard-dose chemotherapy, this effect was less consistent and usually more modest than the reduction in STAT4 levels ( Figure 1D ).
Acquired STAT4 deficiency of control PBMCs treated in vitro with chemotherapy drugs
To test directly our hypothesis that chemotherapy drugs cause STAT4 deficiency, PBMCs obtained from healthy control subjects were incubated in vitro with chemotherapeutic agents. Carmustine and etoposide were used in these experiments, because these cytotoxic drugs are commonly included in the high-dose chemotherapy regimens (CBV and BEAM) that are associated with profound STAT4 deficiency after PBSCT. The levels of STAT4 protein detected in activated PBMCs incubated with etoposide or carmustine were significantly decreased compared with the levels detected in cells cultured in medium alone ( Figure 3A ). In contrast, the level of STAT3 protein was not significantly decreased after in vitro treatment with chemotherapy drugs. The levels of STAT4 mRNA were also diminished in activated PBMCs treated in vitro with etoposide or carmustine ( Figure 3B) .
The reduced STAT4 protein levels detected after chemotherapy exposure were measured by immunoblotting of whole-cell lysates from unfractionated PBMCs. These studies cannot elucidate whether 
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STAT4 deficiency is more or less severe in particular subsets of lymphocytes. To address this question, the effect of chemotherapy drugs on STAT4 expression in different cell types was analyzed by flow cytometry. STAT4 protein levels were found to be reduced in both CD4 ϩ and CD8 ϩ T-cell subsets after chemotherapy exposure ( Figure 3C ). The relative paucity of NK cells in activated PBMCs generated under these culture conditions hindered flow cytometric assessment of STAT4 levels in the NK-cell subset (data not shown). Therefore, the effect of chemotherapeutic agents on STAT4 expression by NK cells was examined using a human NK cell line, NKL. 24 Immunoblot analysis demonstrated reduced STAT4 protein levels in NKL cells treated with carmustine or etoposide for 2 days PBMCs obtained from controls were activated with PHA and IL-2 for 3 days and then cultured for 3 more days with the indicated concentrations of etoposide (Eto) and carmustine (Car). RNA was extracted and the first-strand cDNA was synthesized from the cells. STAT4 expression was analyzed using immunoblot (A) and real-time PCR (B). (C) STAT4 protein levels in CD4 ϩ and CD8 ϩ cells from control activated PBMCs treated without (-D) or with carmustine (Car) or etoposide (Eto) were analyzed using flow cytometry as described in "Methods." Histograms represent the STAT4 expression gated on 5000 events of live CD4 ϩ or CD8 ϩ cells using WinMDI software. (D) NKL cells were treated without (-D) or with 50M carmustine (Car) or 2M etoposide (Eto) for 2-3 days. STAT4 protein levels were analyzed using Western blotting. (E) NKL cells treated as described in panel D were incubated with medium alone (unfilled bars) or medium containing 2 ng/mL of IL-12 (filled bars) for 1 day. The cell-free supernatants were analyzed for IFN-␥ production using ELISA. The data are presented as means Ϯ SD from 3 independent experiments.
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To determine the potential functional consequences of chemotherapyinduced STAT4 deficiency, we measured IFN-␥ production by NK cells incubated with and without chemotherapy drugs. The levels of IFN-␥ secreted by IL-12-stimulated NKL cells were significantly lower in the presence of either carmustine or etoposide ( Figure 3E) . Therefore, the partial reduction of STAT4 protein levels in NK cells exposed to chemotherapy drugs in vitro is associated with impaired IFN-␥ production after cytokine stimulation.
STAT4 mRNA stability is not affected by chemotherapy
Our results indicate that STAT4 mRNA levels are diminished in cells exposed to chemotherapy drugs in vitro ( Figure 3B ) or high-dose chemotherapy in vivo ( Figure 4A ). The reduction in STAT4 mRNA levels could be because of decreased transcription of the STAT4 gene and/or decreased stability of the STAT4 mRNA. We measured the half-life of STAT4 mRNA in PBMCs obtained from control subjects or patients after high-dose chemotherapy and PBSCT ( Figure 4B ). The mean half-life of STAT4 mRNA from patient PBMCs obtained after PBSCT (3.967 hours) was not significantly different (P ϭ .13) than that of control subject PBMCs (2.797 hours); therefore, although steady-state levels of STAT4 mRNA are decreased, STAT4 mRNA stability is not affected by high-dose chemotherapy. These results suggest that transcription of the STAT4 gene may be impaired after high-dose chemotherapy. Therefore, we evaluated the transcriptional regulation of STAT4 in chemotherapy-treated cells. STAT4 promoter activity was measured using a RenSP luciferase reporter construct (SwitchGear Genomics) in NKL cells treated in vitro without or with carmustine or etoposide. The expression of reporter driven by the STAT4 promoter was moderately reduced (18% Ϯ 10% averaged from 3 independent experiments) in cells treated with carmustine or etoposide compared with untreated cells (data not shown), suggesting that transcriptional regulation is involved in reduction of STAT4 gene expression after chemotherapy.
It has been shown that DNA methylation in the proximal promoter region plays a direct role in the regulation of STAT4 transcriptional activity. 22 Furthermore, primary T cells and cell lines with relatively low STAT4 expression exhibit increased Figure 4 . STAT4 mRNA levels and half-life of STAT4 mRNA in PBMCs. PBMCs obtained from 6 healthy control subjects and 3 patients after high-dose chemotherapy and PBSCT were treated with actinomycin D at 1 g/mL for 0, 2, 4, and 6 hours in a 5% CO2 incubator at 37°C. RNA was extracted and first-strand cDNA was synthesized, followed by the real-time PCR. 25 The half-life of STAT4 mRNA from each sample was calculated accordingly. 25 Results shown are means Ϯ SD. Figure 3D were used for [35S] methionine and cysteine labeling (10 Ci/L; Perkin Elmer). Dead cells were removed from the culture using Ficoll centrifugation, and the collected viable cells at 10 ϫ 10 6 cells/2 mL were subsequently pulsed for 15, 30, and 60 minutes with [35S] methionine/cysteine. The cell extract (1%) was separated by SDS-PAGE followed by exposure to X-ray film after drying on a Bio-Rad gel dryer. The molecular weight (MW) is accompanied on the side of the gel. (B) NKL cells treated as described in panel A were pulsed with [35S] methionine/cysteine for 24 hours. STAT4 and STAT3 proteins were immunoprecipitated from the total protein extracts using polyclonal anti-STAT4 and anti-STAT3 Abs, which were subjected to SDS-PAGE and then exposure to X-ray film after drying. A preimmunized rabbit serum (IgG) was used in immunoprecipitation as a negative background control. One percent of the total protein extracts from each sample was separated on the same gel as loading control (1% loading). The molecular weight (MW) at 75 kD is labeled.
STAT4 mRNA and protein levels after treatment with the DNA methyltransferase inhibitor 5-Aza-dC. 22 We therefore used 5-Aza-dC to inhibit de novo DNA methylation in both control PBMCs and NKL cells treated in vitro with or without chemotherapy drugs. Despite increases in STAT4 gene expression after 5-Aza-dC treatment of cells incubated with carmustine or etoposide, the total level of STAT4 protein was minimally increased after 5-Aza-dC treatment (data not shown).
Effect of chemotherapy drugs on the efficiency of protein translation
Our data indicate that an intervention that can increase STAT4 mRNA levels in chemotherapy-treated cells was not sufficient to restore STAT4 protein levels. These results suggest that inefficient protein translation and/or reduced stability of the translated STAT4 protein may be more important mechanisms of chemotherapy-induced STAT4 deficiency. We therefore evaluated the efficiency of protein translation in cells exposed to chemotherapy drugs. Experiments using metabolic labeling with [35S] methionine/cysteine did indeed reveal a reduction in overall translation products after 15 to 60 minutes of pause in cells treated with carmustine or etoposide ( Figure 5A ).
To elucidate whether reduced protein translation is involved in STAT4 protein regulation, SDS-PAGE was performed on immunoprecipitates of [35S]-labeled proteins from cells incubated in the presence or absence of chemotherapy drugs. We failed to detect any mature [35S]-labeled STAT4 or STAT3 protein on gels of immunoprecipitates from cells after short-term labeling (up to 6 hours), suggesting that the STAT4 and STAT3 proteins are both synthesized at low rates. We then performed immunoprecipitation from cells after long-term labeling for 24 hours with [35S] to accumulate mature labeled STAT proteins. The production of STAT4 and STAT3 proteins was similar in cells treated without and with carmustine or etoposide ( Figure 5B ). The specificity of immunoprecipitated STAT4 or STAT3 protein was confirmed by the absence of the corresponding band when using the preimmunized rabbit serum ( Figure 5B ). These results indicate that translation of STAT4 protein is not reduced in chemotherapy-treated cells despite an overall reduction in translational efficiency.
Ubiquitin-dependent proteasomal degradation of STAT4 in chemotherapy-treated cells
Because STAT4 protein translation did not appear to be impaired, we hypothesized that the reduced stability of the STAT4 protein was the dominant mechanism of chemotherapy-induced STAT4 deficiency. To test this hypothesis, we measured the half-life of STAT4 protein in human NK cells cultured in the presence or absence of chemotherapy drugs. Consistent with our hypothesis, the half-life of STAT4 protein was found to be significantly reduced in NKL cells treated with carmustine or etoposide (Figures 6A-B) .
Ubiquitin-dependent proteasomal degradation has been implicated in the regulation of levels of tyrosine phosphorylated 29 and total STAT4. 30 To evaluate the role of the ubiquitin-mediated degradation pathway in the regulation of STAT4 protein, the levels of ubiquitinated STAT4 protein were determined in NKL cells treated with or without carmustine and etoposide. The ratios between ubiquitin-conjugated STAT4 and total STAT4 were substantially higher in cells treated with chemotherapy drugs compared with those incubated in medium alone ( Figure 6C) .
To test the hypothesis that the observed chemotherapy-induced reduction in STAT4 protein stability was due to proteasomal degradation, human NK cells were incubated with or without the proteasome inhibitor bortezomib in the presence of either carmustine or etoposide. The magnitude of the decrease in STAT4 protein levels after chemotherapy exposure was greatly reduced in the presence compared with the absence of bortezomib ( Figure 3D and Figure 6D -E). This result confirms that the proteasome pathway is involved in STAT4 protein degradation after chemotherapy exposure. In the absence of chemotherapy drugs, incubation of NKL cells or PBMCs with bortezomib caused modest increases in protein levels of STAT4 and granzyme B without any detectable effect on STAT3 and IL-12 receptor ␤2 (data not shown). These results suggest that the proteasome is involved in the baseline regulation of STAT4 levels in human lymphocytes.
We next evaluated whether the increased STAT4 protein levels in presence of bortezomib could circumvent the previously observed defective IFN-␥ production by NK cells treated with carmustine or etoposide. In the presence of bortezomib, IL-12-induced IFN-␥ production by chemotherapy-treated cells was equivalent to or superior to that of cells that had not been exposed to chemotherapy ( Figure 6F ). This further supports the importance of STAT4 in IL-12-mediated IFN-␥ production. In addition, circumventing STAT4 deficiency by bortezomib has the potential for enhancing the efficacy of IL-12 immunotherapy and any other therapeutic regimen that requires Th1 immunity for the production of IFN-␥.
Discussion
We demonstrated previously that a selective STAT4 deficiency contributes to impaired IFN-␥ production in lymphoma patients after autologous PBSCT. 15 However, the mechanisms responsible for this STAT4 deficiency have not been elucidated previously. In the present study, we have shown that STAT4 protein levels are normal in PBMCs obtained from treatment-naive patients with active lymphoma. These results confirm that STAT4 deficiency in patients is acquired and is not an inherited condition that predisposes them to develop lymphoma. Furthermore, these data refute the possibility that acquired STAT4 deficiency is because of the lymphoma-bearing state. Therefore, the mechanism of STAT4 deficiency presumably differs from that of the acquired chain deficiency previously identified in lymphocytes of patients with advanced cancer. 31 Compared with the levels seen in PBMCs obtained from lymphoma patients before treatment, STAT4 protein levels were significantly diminished in PBMCs obtained after standard-dose chemotherapy. Our data have excluded the possibility that the observed reductions in STAT4 levels were because of chemotherapyinduced alterations in cell subsets within PBMCs. Moreover, STAT4 protein levels were significantly reduced in T cells obtained from lymphoma patients or tumor-bearing mice after chemotherapy. These results are consistent with the hypothesis that chemotherapy treatment causes an acquired STAT4 deficiency in tumor-bearing hosts. Our in vitro experiments have also demonstrated directly that exposure to chemotherapy drugs induces the down-regulation of the STAT4 protein in human lymphocytes. The severity of STAT4 deficiency appears to be greater after high-dose therapy compared with the deficiency observed after standard-dose therapy. We favor the hypothesis that the severity of the STAT4 deficiency is directly related to the intensity of chemotherapy exposure in vivo; however, we cannot exclude the possibility that other factors related to the autologous transplantation procedure could affect the magnitude of STAT4 deficiency after transplantation.
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Chemotherapy-induced STAT4 deficiency was seen in multiple lymphocyte populations, including CD4 T cells, CD8 T cells, and NK cells. These results suggest that anti-tumor immune responses may be impaired after treatment with systemic chemotherapy. STAT4 protein levels were significantly diminished but generally still detectable in cells exposed to chemotherapy drugs in vitro or in vivo. Nevertheless, the degree of STAT4 deficiency caused by chemotherapy was sufficient to profoundly inhibit IL-12-induced IFN-␥ production ( Figure 3E) . Therefore, the partial STAT4 deficiency occurring after chemotherapy is likely to be functionally relevant.
Chemotherapy-induced STAT4 deficiency could be because of reduced transcription of the STAT4 gene, reduced stability of STAT4 mRNA, impaired translation of STAT4 mRNA into protein, or posttranslational modifications of STAT4 protein that reduce its stability. We found that STAT4 mRNAlevels were reduced in the PBMCs of patients after PBSCT even though STAT4 mRNA stability did not appear to be affected. Moreover, expression driven by the STAT4 promoter was modestly reduced in NKL cells after chemotherapy exposure. This result prompted the hypothesis that chemotherapy causes epigenetic modifications of the STAT4 gene that inhibit its transcription. Hypermethylation of CpG islands located 3Ј to the core promoter of the STAT4 gene have been shown to inhibit its promoter activity. 22 We therefore examined the effect of the DNA methyltransferase inhibitor 5-Aza-dC on STAT4 expression in chemotherapy-treated cells. Compatible with our hypothesis, STAT4 mRNA levels were significantly higher in cells incubated with carmustine or etoposide plus 5-Aza-dC compared with levels in cells incubated in carmustine or etoposide alone. However, STAT4 protein levels were only minimally increased after 5-Aza-dC treatment. Furthermore, translation of the STAT4 protein was not impaired in chemotherapy-treated cells. Therefore, posttranslational regulation of STAT4 protein levels may be the dominant mechanism of STAT4 deficiency after chemotherapy treatment. Figure 3D . Dead cells were removed as described in panel A, followed by total protein extraction. Ubiquitin-conjugated protein was first enriched using the Ubiquitin Enrichment Kit (Thermo Scientific) with a specialized affinity resin binding to polyubiquitinylated proteins from cell lysates (Ub-beads). The negative control is the resin slurry lacking affinity to polyubiquitinylated proteins (beads). The enriched proteins were subjected to immunoblotting. Ubiquitinconjugated STAT4 protein levels were analyzed using an anti-STAT4 mAb (left panel). Total STAT4 protein levels were analyzed using immunoblotting from 10 g of whole-cell lysates (right panel). The ratio of Ub-STAT4 to total STAT4 is indicated below. The molecular weight (MW) at 75 and 118 kD is labeled. The panel is representative of 3 independent experiments, and a vertical line has been inserted to indicate the repositioned gel lane. (D) NKL cells were incubated with the proteasome inhibitor bortezomib at 5.2nM simultaneously with 50M carmustine (Car) or 2M etoposide (Eto) for 2 days. STAT4 protein levels were determined by immunoblotting. The results are representative of 3 independent experiments. Ratio of total STAT4 to ␤-actin is indicated below. (E) Densitometric analysis of STAT4 protein levels in NKL cells treated with carmustine or etoposide in the presence or absence of bortezomib. The results are presented as the averaged ratio of STAT4 to ␤-actin from 2 independent experiments as means Ϯ SD (F) NKL cell treated as described in panel D were stimulated with IL-12 at 2 ng/mL for 1 day. The IFN-␥ levels in the cell supernatants were evaluated using ELISA. Results are averaged from 2 independent experiments as means Ϯ SD.
We found that the half-life of STAT4 protein was significantly reduced in cells exposed to chemotherapy drugs, suggesting that the degradation of STAT4 protein is enhanced by chemotherapy. Ubiquitin-mediated proteasomal degradation has been implicated in the regulation of tyrosine-phosphorylated STAT4 as well as total STAT4. 29, 30 Furthermore, the H2.0-like homeobox 1 protein (HLX1) promotes proteasome-dependent STAT4 regulation in NK cells after IL-12 stimulation. 32 We observed increased ubiquitination of STAT4 in cells treated with carmustine or etoposide, suggesting that chemotherapy drugs reduce the stability of STAT4 protein at least in part by promoting ubiquitin-dependent proteasomal degradation of STAT4. Compatible with this hypothesis, we found that the proteasome inhibitor bortezomib can substantially rescue STAT4 protein in cells exposed to chemotherapy drugs. Bortezomib is used for the treatment of lymphoma patients 33 and can be safely given after autologous PBSCT. 34 Therefore, it is clinically feasible to administer bortezomib to lymphoma patients in an attempt to ameliorate chemotherapy-induced STAT4 deficiency.
The mechanisms by which chemotherapy drugs target STAT4 for ubiquitination and proteasomal degradation remain to be identified. It has been shown that STAT-interacting LIM protein (SLIM) promotes ubiquitination and degradation of STAT4 in mice. 30 However, SLIM also promotes the proteasomal degradation of STAT1 and STAT4. In contrast to STAT4, we have found that STAT1 levels were not reduced in PBMCs obtained from patients after PBSCT or in control activated PBMCs treated with chemotherapy drugs in vitro. Therefore, it is not likely that SLIM mediates the acquired STAT4 deficiency that we have demonstrated.
Becknell et al have reported that cycloheximide treatment leads to increased STAT4 protein levels in the human NK cell line NK-92. 32 Similarly, we observed that the levels of STAT4 protein are increased in PBMCs treated with cycloheximide for 4 hours (data not shown). These results suggest that a labile protein can suppress STAT4 protein levels in human cells. We speculate that chemotherapy drugs can induce the expression of a labile ubiquitin E3 ligase that participates in the selective ubiquitination of STAT4 protein, leading to its proteasomal degradation. Further investigation is necessary to test this hypothesis.
Systemic combination chemotherapy with or without rituximab is currently the mainstay of initial treatment for patients with lymphoma. Moreover, high-dose therapy and autologous PBSCT is the treatment of choice for eligible patients with relapsed or refractory lymphoma. We have shown both standard-dose and high-dose chemotherapy can cause a selective, acquired STAT4 deficiency leading to impaired IFN-␥ production. Sufficient IFN-␥ production has been shown to be required for effective cellular immunity to tumors in many experimental models. Optimal immunotherapy concurrent with or after chemotherapy for lymphoma will require strategies that can ameliorate or circumvent chemotherapy-induced STAT4 deficiency.
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